A comprehensive study comprising fabrication of copper nanoparticles (NPs) using picosecond (ps) multiple/single line ablation in various solvents such as acetone, dichloromethane (DCM), acetonitrile (ACN) and chloroform followed by optical, nonlinear optical (NLO), and surface enhanced Raman spectroscopy (SERS) characterization was performed. The influence of surrounding liquid media and the writing conditions resulted in fabrication of Cu NPs in acetone, CuCl NPs in DCM, CuO NPs in ACN and CuCl 2 NPs in chloroform. Prepared colloids were characterized through transmission electron microscopy, energy dispersive x-ray spectra, selected area electron diffraction and UV-visible absorption spectra. A detailed investigation of the surface enhanced Raman scattering (SERS) activity and the ps NLO properties of the colloids prepared through multiple/single line ablation techniques revealed that the best performance was achieved by Cu NPs for SERS applications and CuCl 2 NPs for NLO applications.
Introduction
In the present scenario of advances in science and technology, metal/metal oxide nanoparticles (NPs) have received a great deal of attention due to their potential applications in the fields of biomedicine, photonics, and surface enhanced Raman spectroscopy (SERS) [1] [2] [3] [4] [5] [6] . The dramatic behaviour of metallic nano-entities is attributed to the modification of electronic eigenstates, subject to diverse boundary conditions in the nano-scale, leading to unique electronic, optical, magnetic, and mechanical properties.
The spectacular characteristics of nanomaterials, mediated by localized surface plasmon resonances (LSPR), have been successfully exploited in the fields of spectroscopy, medicine, and photonics. Colloidal metal NPs are advantageous compared to other SERS active substrates since the Raman spectrum from a metal colloid is resultant from the signal average of the individual metal NPs in a colloidal suspension [7] . Laser ablation in liquid media [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] is a rapid and simple technique to fabricate NPs because of inhibited multistep chemical synthesis, long reaction times, and high bulk temperatures. Ultrafast laser ablation (ULA) of metallic target in liquid [21] [22] [23] [24] [25] [26] [27] guarantees extremely stable NPs without using chemical precursors with a highest degree of safety since fabricated NPs are in colloidal form rather than powders (hence, free of inhalation accidents).
Unlike ablation with nanosecond (ns) laser pulses, ULA [28, 29] is free from transient interference with the produced metallic plume. The ablation threshold in this regime becomes independent of the pulse duration [30] [31] [32] . The rate of fabrication of Cu NPs in picosecond (ps) domain was established to be 3-4 times faster than in the fs domain [33, 34] . Additionally, the induction of nonlinear effects, resulting from solvents, in ps regime is negligible compared to the fs regime. Thus far, people have reported the influence of surrounding liquid media in determination of yield and size distribution of NPs. In the present work, emphasis was on the fabrication of copper NPs via multiple and single line ablation conditions and the interim interaction of transient metallic plume with the surrounding liquid environment. The intrinsic nature of liquid medium and writing conditions resulting in fabrication of different NPs, such as Cu, CuCl, CuO and CuCl 2 were observed. The outcome of the ablation was observed to end up with Cu NPs of different nature exclusively depending on the properties of the chosen liquid media. Herein, we have extensively investigated and discussed (a) the influence of multiple/single line ablation on fabrication of Cu NPs of different morphologies and the effect of surrounding medium (b) Raman studies of Copper NPs obtained using ablation in different liquids (c) dependence of nonlinear optical (NLO) properties of the NPs on different writing conditions (multiple/single line ablation).
Experimental details

Method of preparation
Four organic solvents namely acetone, dichloromethane (DCM), acetonitrile (ACN) and chloroform were used for fabrication of NPs and multiple/single line ablation was performed by a Ti : sapphire laser system (LEGEND, Coherent) delivering nearly bandwidth limited laser pulses (∼2 ps, 1 kHz repetition rate) at 800 nm. The amplifier was seeded with ∼15 fs (55-60 nm FWHM) pulses from an oscillator (MICRA, Coherent, 750 mW, 76 MHz, 800 nm). Pure Cu targets were washed with Acetone after sonication to eliminate any residual organic impurities from the surface. The target was placed into a Pyrex cell and covered by a layer of absolute liquids. After ensuring the substrate was perfectly parallel to optical bench, laser pulses were allowed to focus onto the Cu substrate using a plano-convex lens (f = 25 cm). It is crucial to adjust the focus exactly on the surface of metal substrate immersed in liquid since the refractive index of the liquid medium modifies the focal position resulting in poor fabrication rate [35] [36] [37] . The beam diameter (2ω 0 ) estimated at the focus in air was ∼40 µm. The typical level of liquid above the metal surface was ∼7 mm. The experimental schematic of the ps laser ablation is illustrated in figure 1(a) .
Exact beam waist on the Cu strip immersed in liquid media was estimated as the method proposed by MenendezManjon et al [37] . Initially, a rough estimate of correction to the focal plane ( f ) was achieved through consideration of the refractive index of liquid (level also) in which the ablation was performed. Later on, sample position was changed with respect to the correction of f . Cu targets were placed normal to incident laser beam on a motorized X-Y stage, which was operated through a motion controller (Newport ESP 300). Typical fluence used was ∼8 J cm −2 . The scanning speeds of X-Y stages were 0.1 mm s −1 in each direction. The motorized stages were scanned in such a way as to draw periodic lines on the surface with the given spacing of (a) ∼60 µm and (b) ∼5 µm. Based on the scanning configuration, two types of ablation were carried out: (a) single line ablation wherein the average number of pulses incident per spot on the target was ∼500 (0.1 µm ms −1 speed, 1 pulse ms
and assuming a spot diameter of ∼50 µm on the target in liquid). Figure 1(b) shows the schematic of the scanning and the pulses' impact on the target; (b) multiple line ablation wherein line structures were overlapped. The ablation in this regime is slightly complicated since the spot diameter (2ω 0 ) was ∼50 µm on the substrate and the line separation was ∼5 µm. The average number of pulses incident per spot on the target were ∼4000. We expect a gradient in the number of pulses incident (perpendicular to the scan direction) and consequently the ablation could be inhomogeneous. In the second case scan separation exceeded the dimensions of beam waist on the surface and, therefore, line structures drawn by the laser were distinguishable since they were separated from one another, which was confirmed from images obtained by optical microscope. To avoid the ambiguity, Cu NPs prepared through multiple line (single line) ablation in acetone, DCM, ACN, and chloroform are labelled as MCuNP1 (SCuNP1), MCuNP2 (SCuNP2), MCuNP3 (SCuNP3), and MCuNP4 (SCuNP4), respectively. 
Results and discussion
Characterizations of Cu colloids
Morphological studies and particle size measurements were performed by transmission electron microscopy (TEM), selected area electron diffraction pattern (SAED) and energy dispersive x-ray analysis (EDAX) with a FEI tecnai G2 S-Twin 200 kV instrument. TEM utilized carbon coated copper grids on which a tiny drop of metallic colloid was placed and dried for one day at room temperature. TEM images demonstrated the spherical morphology and well dispersion of NPs with different size distribution in acetone, DCM, ACN, and table 1 . We believe that during the process of ablation, interaction between transient copper species with the chloride ions in the DCM resulted in the fabrication of CuCl NPs in MCuNP2 and SCuNP2. Similarly, CuCl 2 NPs were observed in MCuNP4 and SCuNP4 when ablation was carried out in chloroform. Since acetonitrile is highly capable of dissolving atmospheric oxygen, NPs in MCuNP3 and SCuNP3 were observed to be oxidized (CuO) to a greater extent than in acetone, DCM and chloroform. In the aspect of average sizes, single line ablation displayed better performance, whereas distribution and yield-wise multiple line ablation demonstrated better performance. Monitoring the quantity of matter on the TEM grid is not a reliable method to assert higher yield since the TEM is a local measurement. In fact, absorption spectra may be a more reliable technique to evaluate the yield in each case. The abundance of NPs was extrapolated from the bright field TEM images and found to be ∼1390 (900), ∼234 (75), ∼158 (71), and ∼690 (340) for MCuNP1 (SCuNP1), MCuNP2 (SCuNP2), MCuNP3 (SCuNP3), and MCuNP4 (SCuNP4), respectively. The conclusions obtained from the above characterizations were further strengthened by the analysis of UV-Vis absorption spectra. UV-Vis absorption spectra (Jasco V-670) of colloids were recorded in the spectral range of 200-800 nm. Figure 6 depicts the whole absorption spectra of copper colloids prepared through both multiple and single line ablation while figure 7 illustrates only the spectral region within the vicinity of characteristic absorption peaks. Analysis of colloids for both schemes was accentuated with respect to the yield of NPs and their size distribution. MCuNP1 (figure 7(a)-red colour, solid curve), SCuNP1 (figure 7(a)-blue colour, dotted curve) colloids exhibited golden yellow colouration and SPR peak positions were observed near 580 nm and 566 nm, respectively. The peak position did not alter in both colloids even after several weeks which could be attributed to negligible aggregation effects since the electric dipole moment of acetone is high, resulting in possible formation of an electric double layer (EDL) [38] around the NPs. Surface chemistry may perhaps have played a significant role in preventing the aggregation. Characteristic absorption peak for MCuNP2 was observed near 371 nm (figure 7(b)-red colour, solid curve) while it was near 375 nm for SCuNP2 (figure 7(b)-blue colour, dotted curve). Probably, interim interaction of Cu ions in the plume with the Cl ions in the surrounding liquid medium resulted in formation of copper chloride NPs. Consequently, charge transfer between metal and the associated ligands [39] led to strong absorption of light in the UV spectral region. MCuNP3 (figure 7(c)-red colour, solid curve) exhibited light yellow-grey colouration with SPR peak near 601 nm and SCuNP3 (figure 7(c)-blue colour, dotted curve) near 588 nm, respectively, indicating that the plasmon peak was red-shifted (compared to Cu NPs in Acetone). In all likelihood, this could be due to increased thickness of oxide cladding surrounding the Cu NPs [40] . The interaction of NPs with air oxygen dissolved in ACN could have prevailed during the ablation, which led to a red shift of the SPR peak since the solubility of oxygen is high in ACN at room temperature [41] . The absorbance in the case of NPs in ACN was an order of magnitude lower compared to others. This could, possibly, be due to two main reasons: (1) if particle sizes are large, higher order polarization resulting from quadrupole, octopole oscillations usually dominate. In general, these multi-pole oscillations have less probability of absorption compared to dipole oscillations; (2) if the oxide cladding on the metallic NP is thick then it diminishes the influence of the incident field. Similarly, MCuNP4 (figure 7(d)-red colour, solid curve), SCuNP4 (figure 7(d)-blue colour, dotted curve), exhibited characteristic absorption peaks near 383 nm, 375 nm, respectively. Among the two cases, multiple line ablation was observed to provide higher absorbance compared to single line ablation. This observation revealed that the yield of the NPs was higher in multiple line ablation than in the case of single line ablation. It was apparent from the UV-Vis absorption spectra that characteristic peak position of the colloids obtained through multiple line ablation was red-shifted compared to colloids obtained using single line ablation. Only in the case of DCM were the sizes of NPs in MCuNP2 smaller than those obtained in SCuNP2, because of which we observed a small blue shift rather than a red shift. The reason for the discrepancy is not yet clearly understood. We believe that the solvent properties played a major role and further investigations are pending in this direction to understand the complete mechanism.
In an earlier study Miranda et al [42, 43] performed the fabrication of Cu NPs in liquid media with nanosecond laser pulses. The writing conditions [44] in their experiments were different from the present experiments. In our case laser beam was scanned on the surface of the Cu substrate to draw periodic lines with a given separation rather than mere focusing. In general, below ablation threshold polished surface will not melt [45] , whereas a roughened surface (ablated multiple times) would offer loosely bound micro-protrusions to the laser beam which decreases the ablation threshold. In the case of multiple line ablation, inhomogeneity could have resulted in a non-uniform melting of tips and micro-protrusions thereby reducing the ablation threshold and consequently increased yield. Higher yield of Cu NPs in multiple line ablation case was confirmed from the observed large plasmon bandwidth of colloids as explained by Garcia [46] . Since NPs in MCuNP1, MCuNP2, MCuNP3 and MCuNP4 had higher density compared to corresponding SCuNP1, SCuNP2, SCuNP3 and SCuNP4 the net electric field at the NP site is summation of the field due to incident light and the field created by the remaining NPs. Accordingly, resonance condition gets modified resulting in a red shift of the characteristic absorption band [46] .
Raman characterization of colloids
The organic solvents in which ablation was carried out were collected in air tightened glass bottles and the Raman spectra were recorded from these colloids prepared through multiple/single line ablation techniques. Raman spectra from the colloids were recorded using 785 nm solid state laser (∼0.5 mW) and a spectrometer (Ocean optics) coupled to a fibre. The colloidal Cu NPs were taken in 1 cm cuvette, placed along the beam propagation direction and the Raman spectra were recorded directly from solutions. The acquisition time for each measurement was 5 s. All the spectra were calibrated with respect to the signature at 520 cm −1 of silicon wafer. signal intensity for the 531.04 cm −1 mode was ∼2179 (with background correction), whereas the Raman intensity for pure Acetone ( figure 8(a) -red, bottom curve) was ∼9. The intensity enhancement was estimated to be ∼242. Some of the peaks merged in the background in normal Raman spectra of acetone were detected in the spectra of MCuNP1. Raman spectra of SCuNP1 are illustrated in figure 8(a) -wine, middle curve. The primary observation was that elevation of the Raman signatures in MCuNP1 was predominant as compared to SCuNP1. In the case of MCuNP2, SCuNP2 (which was again not observed in SCuNP4) with an intensity enhancement of ∼92. Observed modes of the Cu colloids are consistent with reported Raman modes of acetone [47] , DCM [48] , ACN [49] and chloroform [50] . All other Raman active modes of the solvents and corresponding intensity enhancements are summarized in table 2. Raman spectra obtained from multiply and singly ablated Cu colloids were compared with the Raman spectra of the pure solvents to estimate the intensity enhancement. During the ablation process Cu NPs were fabricated with some residual surface charge and the interaction of polar molecules with the charged surfaces resulted in direct adsorption of molecules on NPs surfaces. Consequently, irradiation of colloids with laser results in local field intensity enhancements leading to an amplification of the Raman signals which could be considered as SERS. As per the Raman spectra obtained from Cu NPs prepared through multiple/single line ablation, it was evident that colloids prepared via multiple line ablation demonstrated better enhancement in the Raman signatures of the solvent molecules than those prepared through single line ablation. In the present studies we could not identify the signatures of byproducts through recorded Raman spectra since enhancement of the Raman modes of solvent molecules (stimulated by the presence of Cu NPs) could have suppressed the signatures of by-products.
NLO studies
The third order NLO properties of the NPs were investigated at a wavelength of 800 nm with ∼2 ps pulses using the standard Z-scan technique [51, 52] . Complete features of the experimental setup are reported in some of our earlier works [53] [54] [55] [56] [57] . Open aperture Z-scan data provides information about the nonlinear absorption (related to imaginary part of third order NLO susceptibility, χ (3) ) properties while the closed aperture (CA) Z-scan data provides information on sign and magnitude of the nonlinear refractive index n 2 (related to the real part of χ (3) ). The linear transmittance was typically >95% for all the NPs except for MCuNP1 and MCuNP3 (>80%). Figure 9 depicts the complete open aperture data obtained for all investigated eight NPs at both lower (open squares-80 GW cm −2 ) and higher (open stars-125 GW cm −2 ) peak intensities. Three distinct behaviours were observed: (a) reverse saturable absorption (RSA) type of behaviour which could be attributed to two-photon absorption (2PA; β), (b) an effective three-photon absorption (3PA; γ eff ) type of behaviour and (c) a switching mechanism from saturable absorption (SA) to RSA. The open aperture data of MCuNP1 ( figure 9(a) ) and MCuNP3 (figure 9(e)) illustrates the behaviour of switching from SA to RSA at lower peak (open squares-80 GW cm −2 ) intensity and pure RSA at higher peak intensity (open stars-125 GW cm −2 ). The data obtained at higher peak intensities was fitted efficiently using only β. At lower peak intensity, SCuNP1 ( figure 9(b) ) data was fitted to β while SCuNP3 (figure 9(f )) did not show any NLO behaviour. At higher peak intensity, both the samples SCuNP1 and SCuNP3 exhibited RSA type of behaviour and the data was fitted successfully using γ eff [2PA + ESA] and β, respectively. The resonances of SCuNP1 (565 nm and 310 nm) and SCuNP3 (588 nm) might have led to this observation. The open aperture data of MCuNP2 (figure 9(c)), SCuNP2 ( figure 9(d) ), MCuNP4 (figure 9(g)) and SCuNP4 (figure 9(h)) revealed that 2PA was dominant at both peak intensities with 800 nm excitation which can be accredited to the characteristic absorption band of nano colloids formed at nearly 400 nm. It is extremely difficult to model the nonlinear absorption independently for NPs of different sizes and composition [58] . In such materials [59] [60] the contributions to nonlinear absorption can result from electrons participating in the following transitions: (a) completely occupied 'd' band to unoccupied conduction band and/or (b) within the conduction band (ground states to excited states) due to plasmon resonances [61] and (c) free carrier absorption from excited conduction band to high lying states. Figure 10 depicts a generic energy band diagram portraying various mechanisms of (a) saturable absorption: in the case of MCuNP1 and McuNP3 we observed residual absorption at 800 nm and, therefore, expect saturation at lower peak intensities with probable transition from 'd' band to the 'p' (conduction) band depicted by Ia in figure 10 . However, at higher peak intensities one expects 2PA as depicted by Ib with transitions from ground state conduction band (GSCB) to excited state conduction band (ESCB). Due to two-photon resonance (800 nm + 800 nm) between GSCB and ESCB, 2PA dominates with negligible contribution from SA at higher peak intensities, (b) instantaneous 2PA with possible mechanisms are depicted in the second box marked as IIa (between 'd' band and GSCB) and IIb (between GSCB and ESCB), (c) two-step 3PA (2PA + ESA) at very high peak intensities as depicted by processes in box IIIa and IIIb (excited state absorption induced from ESCB in this case). The figure is generic in the sense that we have assumed a fixed gap between the states and different photon energies, whereas in reality the band gaps could be different (including SPR positions) for these eight different NPs with single energy photon excitation (1.55 eV for 800 nm ps photon).
We had earlier modelled such complicated nonlinear absorption phenomena in different organic moieties and the relevant equations are documented in our earlier publications [53-57, 62, 63] . A similar approach was used and the experimental data was fitted with appropriate equations to estimate nonlinear absorption coefficients. Amongst all, MCuNP4 exhibited largest β, n 2 , and χ (3) values. The values of nonlinear refractive index (n 2 ) were obtained for all colloidal solutions at an intensity of 33 GW cm −2 using CA Z-scan method and the data is shown in figure 11 . Figure 11(a) illustrates the CA data of MCuNP1 (triangles) and SCuNP1 (circles) which exhibit positive nonlinearities (like solvent) with n 2 = 9 × 10 −16 cm 2 /W and n 2 = 4 × 10 −16 cm 2 /W, respectively, smaller than the solvent magnitude (n 2 = 19 × 10 −16 cm 2 /W) and the observed sign of n 2 for MCuNP1 and SCuNP1 was negative. Figures 11(b) -(d) represent CA data of MCuNP2 (SCuNP2), MCuNP3 (MCuNP3) and MCuNP4 (MCuNP4). The observed sign of the nonlinearity is negative (negative) for MCuNP2 (SCuNP2), positive (positive) for MCuNP3 (MCuNP3) and negative (positive). The data was fitted using standard equations [64] to estimate the magnitudes of n 2 . The contribution from solvents (DCM, ACN and chloroform) (positive nonlinearity) was also identified. The estimated nonlinear coefficients corresponding to all the NPs are listed in table 3. There have been few reports [65] [66] [67] of NP fragmentation using short laser pulses. In an earlier report [68] simultaneous occurrence of fragmentation and optical nonlinearity were observed with metal NPs. In the process of scanning a sample across the focus there could have been fragmentation occurring in the NPs studied in our case. The Z-scans were performed 2-3 times and the values of coefficients observed were within the experimental error range (±15%). The values cited are an average value of these measurements. We had also recorded the UV-Vis absorption spectra of the colloidal solutions before and after the Z-scans and we could not record any major differences in the plasmon peak position/width, again within the experimental errors of our measurements. The fluences corresponding to our Z-scan measurements and were found to be ∼0.52 J cm −2 (for minimum input energy of 2 µJ and assuming a spot size radius of 35 µm; F = E in /π × ω 2 ) and ∼1.04 J cm −2 (for maximum input energy of 4 µJ and assuming a spot size of 35 µm). The amount of time NPs were exposed to such fluences was ∼10 s. The fragmentation, if it occurred at all, would be within the focal volume of the beam which was few µl, whereas the cuvette (1 mm path length) can hold 0.35 ml, which probably could be the reason for absorption spectra not revealing any spectral changes. Furthermore, the NLO coefficients measured were within an experimental error of ±15%. Further detailed studies will be necessary to completely evaluate the fragmentation effects on the NLO coefficients. The magnitudes obtained in our case are compared with coefficients of some of the recently synthesized and reported NPs [69] [70] [71] [72] [73] [74] [75] [76] [77] [78] [79] [80] and the data is shown in table 4. Some of the reported coefficients were stronger in magnitude than those of ours since, (a) they used longer pulses (ns) for measurements compared to short pulses (2 ps) in our case, (b) in their case excitation was close to SPR and, therefore, is expected to enhance the nonlinearities. In our case the coefficients obtained (except for MCuNP1 and MCuNP3) are in the non-resonant domain. Comparison of the obtained NLO coefficients revealed the magnitudes of nonlinearities were generally higher for multiply ablated NPs compared to singly ablated NPs. The outcome of the Raman investigations could be explained as probably due to the consequence of combined surface plasmon resonances (hot spots) from the agglomerated individual Cu NPs in certain cases. It was established that multiple line ablation led to the higher yield compared to the single line ablation and consequently the degree of agglomeration [81, 82] in colloids prepared through multiple line ablation was greater than in the single line ablation colloids. Because of this, colloids prepared through multiple line ablation might support the formation of a higher number of hot spots than the colloids prepared through single line ablation. However, further investigations are required to ascertain these issues.
Conclusions
In summary, an extensive study pertaining to fabrication of Cu NPs via ps laser multiple/single line ablation were carried out in organic liquids and their spectroscopic, Raman characterization, and NLO studies were carried out. Combined effect of scan separation and the beam diameter (2ω 0 ) at the focus resulted in different writing conditions namely multiple (line separation (5 µm) < spot diameter (50 µm)) and single (line separation (60 µm) > spot diameter (50 µm)) ablation which led to differences in the yield and average size of the NPs. Additionally, the interaction of transient metallic plume with the constituents of surrounding liquid and its dependence on the intrinsic nature of the liquid media led to the fabrication of pure Cu (MCuNP1/SCuNP1), CuCl (MCuNP2/SCuNP2), CuO (MCuNP3/SCuNP3) and CuCl 2 (MCuNP4/SCuNP4) NPs and the obtained results are discussed in detail. Investigation of optical nonlinearities revealed that colloids prepared through the multiple line ablation exhibited strong nonlinearities compared to the counterparts of single line ablation since the yield was higher in the multiple line ablation than in single line ablation. This could be probably due to the agglomeration effects which resulted in the formation of hot spots. Similarly, 
